Changes in active layer thickness (ALT) over Arctic and permafrost regions have an important impact on rainfall-runoff transformation. General warming is observed across Svalbard Archipelago and corresponds to increases in ground temperatures. Permafrost thaw and changes in ALT due to climate warming alter how water is routed and stored in catchments, and thus impact both surface and subsurface processes. The overall aim of the present study is to examine the relationships between temporal changes of active layer depth and hydrological model parameters, together with variation in the catchment response. The analysis was carried out for the small unglaciated catchment Fuglebekken, located in the vicinity of the Polish Polar Station Hornsund on Spitsbergen.
INTRODUCTION
Hydrological modelling in areas with the occurrence of perennially frozen ground together with seasonally changing active layer thickness (ALT) requires a better understanding of the influence of soil processes on water balance. Groundwater movement in permafrost terrain is limited because the frozen soil is practically impermeable and so infiltration and groundwater recharge are possible only within the active layer that thaws in summer or in taliks (Woo ) Pianosi & Wagener ). Such temporal variation of dominant processes is particularly evident in the case of Arctic catchments with well-pronounced seasonality. Mathematical modelling of hydrological processes in these catchments demands more information than only basic meteorological inputs and catchment attributes. It has to take into consideration the different levels of interaction between groundwater and surface runoff, which is a function of the seasonal change in the ALT of the catchment.
In this paper, the conceptual catchment runoff HBV (Hydrologiska Byråns Vattenbalansavdelning) model (Bergström ) was applied for modelling of hydrological processes within the small, non-glaciated Arctic catchment
Fuglebekken. The HBV model was used as a diagnostic tool to provide information about dominant processes and water storage in the catchment. This variability is associated with differences in water storage in snow pack, soil moisture, fast runoff, and slow runoff, and these differences, in turn, have important implications for the ground thermal regime.
To analyse the temporal variability of such processes the model was calibrated using 3-week long moving windows in four study periods (2014-2017) with varying hydro-meteorological conditions. The HBV model calibration was carried out using a Shuffled Complex Evolution Metropolis algorithm (SCEM-UA; Vrugt et al. ) that allows for estimations of parametric uncertainty. A special goal of this paper was to investigate the dependence of the HBV model on hydrometeorological indices, and in particular ALT, which is subject to large changes in the study area (Wawrzyniak et al. ) . These analyses are especially important for simulations of future water balance while using climate conditions projections (Osuch & Wawrzyniak ) .
As simulation studies strongly depend on the applied tools (hydrological models), we also investigated the influence of model simplification, correction of precipitation, and initial conditions on the modelling results.
STUDY AREA
The unglaciated Fuglebekken catchment (1.27 km 2 ) is The original data used for further analysis are presented in Figure 2 . A comparison of air temperature input indicates small differences between the four seasons. In July 2015, the maximum long-term air temperature was recorded at Hornsund station. In the case of precipitation, a higher amount was observed in September than in the two previous months. In each study season from the second half of July
Figure 2 | Air temperature, precipitation, and runoff in 3 h intervals in 2014 , 2015 , 2016 , and 2017 to the second half of August there was almost no precipitation. The highest peak of precipitation was recorded in September 2017.
Observed runoff is presented in the lowest panel of 
METHODS

Catchment runoff models
In this study, the conceptual HBV model was applied, which is a well know rainfall-runoff model introduced by A detailed description of the applied version of the model is presented by Piotrowski et al. () . A scheme of the applied HBV model is presented in Figure 3 . It consists of five conceptual storages (snow pack, melt water, soil moisture, fast runoff, and slow runoff) and the dominant process of rainfall-runoff transformation. The required input data are precipitation, air temperature, and potential evapotranspiration. As an output time-series of runoff, evapotranspiration, snowpack storage, fast and slow runoff reservoir, and soil moisture are calculated; however, usually just runoff simulations are taken into account.
In this study, the simulation of water storage was also analysed.
In the full version, the model is parametrised with 14 parameters, for which values are estimated by calibration.
Six parameters are related to snow processes: TT, TTI, CFMAX, CFR, DTTM, and WHC. Three parameters, FC, LP, and β, are related to the third conceptual storage (soil moisture). CFLUX represents the capillary transport between the fast runoff reservoir and the soil moisture reservoir. KF and α parameters describe the fast runoff.
Percolation is the transport between the fast and slow runoff reservoirs and is described by the parameter PERC, while the slow runoff reservoir is represented by the KS parameter. In addition, an initial condition of the five storages (snow pack, melt water, soil moisture, fast runoff, and slow runoff) should be quantified as their values influence modelling results.
The applicability of the HBV model to simulate runoff in the Fuglebekken catchment was previously tested and presented by Wawrzyniak et al. () . The results of that study indicated that the calculated fit of simulated to observed runoff depends on the year, time step, and data averaging. The best results were obtained for the model from the year 2015 for 3 and 6 hours using averaged input data. Therefore, in this study, we use a 3-hour averaged time step.
Modelling procedure
Model calibration was carried out using the SCEM-UA algorithm (Vrugt et al. ) . This method combines The model parameters were drawn from uniform distributions within predefined upper and lower parameter boundaries (Table 1) based on the previous findings described by Wawrzyniak et al. () . The HBV model was calibrated using available precipitation, air temperature, PET, and runoff observations at 3-hour time steps from four study seasons (2014) (2015) (2016) (2017) The selected version of the HBV model includes 14 parameters and could suffer from equifinality problems (Beven ) . To simplify the model, the results of parametric uncertainty using the SCEM-UA method were applied.
Due to the different ranges and units of the parameters, a comparison of relative standard deviation (RSD, the ratio of the standard deviation to the mean) was performed.
The smallest values of the RSD were obtained for the FC, β, α, KF, KS, PERC, and CFLUX parameters. Therefore, The last column denotes simulation type (number of model parameters). As calculated values of ALT are characterised by additional uncertainties, observed mean ground temperatures at 5, 10, 20, and 50 cm as potential variables that shape hydrological model parameters were also included.
To assess the influence of water on the variability of model parameters, water storage in a slow runoff reservoir was also taken into account. The values of this index were quantified by the parameter gw1 of the HBV model.
For each 3-week long time window, the following hydrometeorological indices were determined: (1) mean air temperature, (2) precipitation total, (3) standard deviation of precipitation, (4) number of days with precipitation, (5) mean ground temperature at 5 cm, (6) mean ground temperature at 10 cm, (7) mean ground temperature at 20 cm, (8) mean ground temperature at 50 cm, (9) mean ALT (estimated using CryoGRID2 model), and (10) slow runoff reservoir storage (estimated as value of the gw1 parameter of the HBV model).
Dependence of hydrologic model parameters on hydro-meteorological indices
To assess the dependence of the HBV model parameters on hydro-meteorological indices, a weighted version of the Spearman correlation coefficient (WSCC; Bailey et al.
) was applied to take into account parametric uncertainty and nonlinearity of relationships. The weight structure was constructed by converting the standard errors of parameter estimates calculated by the SCEM-UA method into inverse-variance weights.
We used the following equation:
where x i is an estimated standard deviation of a parameter for each 3-week period i. In the next step, these weights for each parameter were separately standardised to 1:
In this way, information on the uncertainty of the HBV Further, we studied the influence of these varying hydrometeorological conditions on the HBV model parameters. and later was found. For the same period, a small increase in wprecip was estimated (change from 2.5 to 3.0). In the case of α and KF, larger changes (decreases) were visible.
HBV model calibration
The results for the KS parameter showed two-modal behaviour. The first maximum is at the beginning of the study season and the second is in the fifth to last moving
window. An explanation of the temporal variability of the estimated parameters is presented in the following sections.
Application of the SCEM-UA method allowed for estimation of parametric uncertainty that is visualised by whiskers that represent ± standard deviation. In most cases, relatively large parametric uncertainty was found for the relatively short window (3 weeks long) used in this study. The smallest uncertainty was estimated for KS parameter. A comparison of results for four years and four simulation types indicated similarities between them. We also tested the significance in mean and variance of the estimated parameters, taking into account autocorrelation and parametric uncertainty. For this purpose, three tests were applied: two sample t-test with unequal variances, the Wilcoxon rank sum test, and the two-sample F-test. The tests were performed for the selected independent samples 
Estimates of water storage in the slow runoff reservoir
The HBV model contains five conceptual storages. One of them is a slow runoff reservoir that has a single influx from percolation and a single outflow as slow runoff (q s ), which is parametrised with KS. Runoff from this storage also depends on water storage in this reservoir (gw1). The calculated water storage in this slow runoff reservoir was assessed in four study seasons and is presented in Figure 9 .
The results strongly depend on the season, because the timing and availability of water vary from year to year; however, a similarity in the annual run was also found. Usually, two maxima of gw1 are visible. The first maximum is observed at the beginning of the study season due to snowmelt and ice-rich permafrost thawing. The second The results shown in Table 2 indicate that all parameters correlated with hydro-meteorological indices, even for parameters with small temporal variability like FC, β, PERC, and CFLUX. Please note differences in scale between study seasons. A comparison of the correlation coefficient between parameter wprecip, which is responsible for correction of precipitation, indicates large differences between seasons.
In seasons 2015, 2016, and 2017, wprecip was negatively correlated with air temperature and gw1.
In order to explain the temporal variability of KS parameter in four study seasons, the interactions of KS and hydro-meteorological indices were studied. Figure 10 shows KS variability associated with differences in mean air temperature, the sum of precipitation, mean ground temperature at 50 cm, and simulated ALT. 
DISCUSSION AND CONCLUSIONS
In this study, we present the analysis of the temporal varia- Temporal variability of the KS parameter was characterised by the presence of two maxima: the first maximum at the beginning of the study season (due to snowmelt and ice-rich permafrost thawing) and the second maximum in September (a result of high amount of precipitation).
Changes of hydro-meteorological conditions in the four study seasons were sources of differences between KS runs. The correlation analysis showed that the values of KS were associated with mean air temperature, the sum of precipitation, mean ground temperature at 50 cm, and ALT. Large differences in these relationships between seasons were found, probably as a result of complex interaction in elements of the catchment system. We suspect that significantly higher ground water storage (gw1) 
